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Abstract:
Recent studies have shown that microwaves heat some minerals faster than others. This creates the 
opportunity to use microwaves to selectively heat minerals to enhance separation of valuable 
minerals from gangue minerals. This opportunity has been investigated by studying the heating 
process under controlled conditions. It involved creating synthetic samples of ore using pyrite grains 
suspended at known locations within a matrix made of quartz and poly(methyl methacrylate).
Previous experiments used cement or plaster as the matrix however, these compounds are slow to 
set and allow the mineral grains to settle to the bottom of the mould during the setting process. This 
disadvantage has been overcome by using a cost-effective mixture of quartz and poly(methyl 
methacrylate) (PMMA). The experimental work presented in this paper has shown that it is possible 
to use this mixture to place mineral grains at precise locations within the matrix, and that the bulk 
dielectric properties of the matrix are similar to those of pulverised quartz sand.  It was also 
determined that the optimum ratio of 10% of PMMA (as adhesive) was the minimum mass 
proportion that can be used, to create the designed mineral texture without compromising 
mechanical properties of synthetic samples. The synthetic ore samples were resistant to breakage 
and could be used in multiple tests. The work in this paper demonstrates a method for creation of 
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synthetic samples as well as their use in assessment of selective microwave heating in different 
types of microwave applicators. 
Keywords:
Moulding; Polymer-matrix composites (PMCs); Physical properties; Non-destructive testing; 
Microwave/RF applicators,
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Introduction
An early study from Walkiewicz et al. (1988) showed that some minerals, especially sulfides, can be 
heated by microwave energy faster than others. Since Walkiewicz et al. (1988), there have been 
many  studies focusing on the benefits of selective heating of minerals. Over the past three decades, 
the microwave technology has gradually moved into the mineral industry, mostly through 
experimental feasibility studies. Some studies showed very promising results.  Haque (1999)
reviewed research and development results generated from microwave-assisted mineral treatments 
tests that included operations such as heating, drying, carbothermic reduction of oxide minerals,
leaching, roasting, smelting, pretreatment of refractory gold ore and concentrate, spent carbon 
regeneration and waste management. A similar review was done by Jones et al. (2002). Both papers 
concluded that challenges for microwave-assisted mineral treatments remain to be overcome and 
that this requires a fundamental understanding of microwave interaction with minerals. Kingman et 
al. (2000) studied the influence of mineralogy on microwave assisted grinding and later investigated 
the influence of microwave treatment on mineral ore comminution (Kingman et al., 2004). After 
Kingman, Vorster et al. (2001) investigated the effect of microwave radiation on massive sulfide 
Neves Corvo copper ore and its Bond Work Index reduction and van Weert et al. (2009) studied 
upgrading molybdenite ores from mine to mill using microwave-infrared sorting technology. Other 
studies investigated different ways of applying microwave energy to the load, such as Rizmanoski 
(2011), or focused on models for predicting the thermo-mechanical response of embedded minerals 
in host rocks, e.g. Salsman et al. (1996) and Djordjevic (2014).
Simulation models can be used to predict the thermo-mechanical response of minerals when 
exposed to electromagnetic waves (whether they are radio or microwave frequency) and are the 
easiest way to study the potential of selective heating. Software packages such as Comsol (2014b), 
Concerto (2014c) or ANSYS (2014a) can be used as tools to design applicators and to study transient 
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thermal heating of different types of loads. Evaluating applicators before they are commissioned can 
be performed theoretically and experimentally. Jokovic et al. (2014) used a theoretical approach and 
introduced a parameter (known as the “new smoothness parameter”) for quantifying the uniformity 
of heating for continuously operated (non-batch) applicators. Methlouthi et al. (2010) used Comsol 
to simulate the behaviour of the electric field inside a microwave applicator with an internal 
conveyor belt system. After simulation, Methlouthi et al. (2011) experimentally tested their 
applicator which consisted of multiple generators; results showed that uniformity of heating for the 
applicator with conveyor belt system could be slightly improved by controlling energy sources (i.e. 
by selectively switching off generators or varying their power). Lizhuang et al. (1995) and Thuault et 
al. (2014) also used experimental validation after combined electromagnetic and thermal modelling. 
Lizhuang used finite difference time domain (FDTD) method to model microwave heating while 
Thuault used finite element analysis (FEA) approach.
Microwave heating inside a cavity is not uniform and depends on various factors such as cavity 
geometry, properties of treated material and frequency. Figure 1 shows an applicator with a 
conveyor belt system with a simplified variable feed inside. There are several factors that need to be 
considered such as particle shape, size, dielectric properties and spacing.
Balbastre et al. (2006) concluded from their modelling work that microwave heating of high loss 
materials (i.e. materials that are highly absorbent of microwave radiation) is a quite complex task, 
because of the limited electrical field uniformity within the material to be heated. This is 
predominantly observed in large samples of low thermal conductivity materials, as electrical field 
distribution will completely control the homogeneity of microwave heating, increasing the 
probability of developing hot-spots or thermal runaway.
For a variable feed, such as ore particles, the applicator design can be optimised for a specific load 
property to enhance physical processes. These processes can later lead to improvements in the 
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physical separation of minerals. Therefore, it would be beneficial to test applicators with designed 
loads that provide specific properties for the evaluation of their efficiency.
The work of Van Weert and Kondos (2008) presented an opportunity to sort sulfide bearing ores 
with microwave-infrared (IR) technology. They concluded that much needs to be understood about 
the interplay of mineral species, size, occurrence and microwave susceptibility of the ore rocks. Van 
Weert and Kondos (2008) also advised that cast shapes with sulfide contents of known origin could 
be used for systematic studies. Figure 2 shows their approach with cast cement and pyrite. The 
cones displayed selective heating and response influenced by pyrite mineral grain size. This 
approach had the disadvantage that when larger pyrite mineral grains were used, the mineral grains 
tended to settle to the bottom of the cones during cement hardening (see IR image in Figure 2). 
The authors of the current paper also encountered a similar problem when using chalcopyrite 
mineral grains and plaster as a host rock mineral, as shown in Figure 3. The X-ray image, clearly show 
that plaster viscosity was low and hardening time was too long to stop the chalcopyrite mineral 
grains sinking. Plaster also proved to be too brittle for repetitive testing when treated in a 
microwave oven.
Casting with cement and plaster had the advantage of being affordable and relatively transparent to 
microwaves (more importantly less absorbing compared to sulfides). Hence, they are a good choice 
as substitute for the host rock minerals. In addition, the castability meant that if necessary, a large 
numbers of samples could be easily manufactured. The downside was the mineral sinking, which 
influenced the desired texture, the predefined spacing of the mineral grains and mechanical
properties. Van Weert and Kondos (2008) made no comment about the mechanical properties of 
their castable cement. The plaster which was used by authors of the current paper, proved to be too 
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brittle when tested in microwave oven and when a quick standard JKMRC (Julius Kruttschnitt 
Mineral Research Centre) abrasion test was performed.
A new approach is reported in this paper. By introducing an appropriate polymer adhesive, any 
combination of minerals can be investigated. The host rock minerals can be taken from any ore 
deposit and not be restricted to cement or plaster. 
This paper presents the results of a detailed study of synthetic samples. These samples were used to 
experimentally validate the theoretical approach to selective heating. The procedure for how to 
create synthetic samples (with predefined shape and composition) is provided, followed by 
measurement of their bulk dielectric properties. The methods of testing in two different applicators 
are reported and discussed.
Method
Creating Poly (methyl methacrylate) and Quartz Mixture Samples with 
Embedded Pyrite Mineral Grains
Synthetic samples were made from two phases. The first was a microwave absorbing phase (usually 
a mineral of interest) and the second was a matrix (less absorbing phase). Table 1 shows the thermal 
properties and densities of the materials chosen to manufacture synthetic samples. The values were 
obtained from literature.
Pyrite is a very common sulfide mineral, occurring in a wide variety of geological conditions. It is also 
associated with sulfides of copper and other minerals. As a sulfide mineral, it is also ascribed to a 
group that has a good response to microwave heating, according to most studies sourced from 
literature. Walkiewicz (1988) reported a very quick response; this was later confirmed by both 
studies of Kingman (2000) and (2004). Vorster (2001) reported the same while testing copper ore 
and Salsman (1996) made a similar comment in his modelling work.
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For the above reasons it was decided that pyrite is a good mineral to use as a heating source, or 
mineral of interest in synthetic samples. Using the same amounts of pyrite, different textures can be 
created with different grain sizes. For those textures, different temperature profiles can be seen and 
investigated.
To create a relatively transparent matrix for microwave heating, quartz was chosen as the base 
mineral. Quartz is a silicon dioxide and it is one of the most common minerals in the earth’s crust. It 
was decided that dried quartz sand could be pulverised and used to create a suitable matrix.
The next step was adding the right amount of adhesive compound to hold the material together; in 
this case poly (methyl methacrylate) (PMMA). This adhesive compound is a transparent 
thermoplastic, often used as a light or shatter-resistant alternative to glass. It is sometimes called 
acrylic glass. In chemical terms, it is the synthetic polymer of methyl methacrylate. PMMA was 
chosen because it can easily bind together pulverised quartz sand with pyrite grains and provides 
mechanical properties to synthetic samples that can match natural rock particles. It also allows the 
creation of different textures, embedding grains of minerals before hardening. The dielectric 
properties of PMMA are given in Table 2 and are similar to those of quartz.
The simple mass ratio rule was applied in designing synthetic samples.  Table 1 shows that the 
specific heat capacity is higher than pulverised quartz sand and the thermal conductivity is lower. 
The effect of these two properties can be corrected by searching for the minimum possible ratio of 
adhesive to quartz sand. This ratio had to be empirically determined. Initial experiments were 
carried out to determine the minimum ratio of PMMA and pulverised quartz sand.  Eleven sets of 
adhesive and quartz sand were prepared, with the mass of PMMA adhesive ranging from 5 to 15 %. 
It was determined that 10 % was the minimum mass proportion, that can be used without 
compromising mechanical properties of synthetic samples, while creating designed mineral texture.
Page 8 of 30
Ac
ce
pte
d M
an
us
cri
pt
Page 8 of 8
The PMMA used was LECOSET™ 100 (Acrylic), a mix of one part liquid with two parts powder. The air 
curing time was 10 to 12 minutes. The chemical reaction between the powder and liquid component 
of PMMA is exothermal. Because of the nature of this chemical reaction, all components were 
cooled below 20 oC, especially the liquid monomer, to slow the reaction and extend the 
manufacturing time.
A cube mould was created out of Teflon®, which was chosen to reduce the possibility of the matrix 
sticking to the walls, and its resistance to chemical reaction with PMMA. Figure 4 shows the mould 
from front side, which can be unscrewed to easily remove the sample after the setting time.
A cooled water bath was prepared before mixing all components. After weighing the quartz powder 
it was placed in a glass container and the powder component of PMMA into a disposable plastic cup. 
Both containers were placed into the water bath to be cooled. The bath was used to cool the glass 
and plastic containers used during mixing. After the powder was cooled the liquid LECOSET™ 
monomer was measured by syringe, and added to the powder component, starting the chemical 
reaction in the disposable plastic container. A glass laboratory stick was used to rapidly mix the 
liquid and powder components. After five seconds of rapid mixing, viscous PMMA was poured from 
the disposable plastic container onto the surface of the quartz powder. To increase the contact 
surface, PMMA was poured in circular motions. Mixing was continued in the glass container. Mixing 
was stopped when the adhesive had been well distributed within the whole mass of the quartz sand.
For the synthetic particles without mineral grains, the freshly made matrix material was placed 
directly into the mould, applying compression from the top. For the synthetic particles with mineral 
grains, the matrix was placed in layers in the mould. This approach allowed the placing of mineral 
grains in the desired position within the volume of the matrix. Figure 5 shows the synthetic samples 
created. To smooth the top and bottom of the cubes, a rotating polishing disc was used to remove 
surface roughness.
Page 9 of 30
Ac
ce
pte
d M
an
us
cri
pt
Page 9 of 9
After preparation, the synthetic particles were randomly labelled with numbers from one to eleven. 
Numbers 3, 5 and 9 were dedicated to the synthetic particles with pyrite grains (these particles can 
also be referred as tracers). Position three was given to the cube with the smallest grain size, while 
position nine was given to the cube with the largest grain size. Using described procedure, synthetic 
particles (with constant shape and defined composition) were created, as simplified ore particles 
with an average measured mass of 16.91±0.59 g (tracers had 20% of pyrite). The pyrite grains were 
used in three range sizes: -9.50+6.70, -6.70+4.75 and -4.75+3.35 mm. 
Bulk Dielectric Properties Measurement of Synthetic Particles Using the 
Resonant Cavity Technique
The experimental objective was to measure the bulk dielectric properties of synthetic particles as 
they would be used in actual testing or microwave load modelling. For this reason, three randomly 
chosen synthetic particles without pyrite texture (No. 4, 7 and 11) and three used as tracers (No. 3, 5 
and 9) were measured. 
The Resonant Cavity Method uses a resonant cavity for the sample holder, and a network analyser to 
measure the resonant frequency and the Q (Q = Total Q factor representing different power loss 
mechanisms) of the cavity both when it is empty and when it contains the sample. From this, 
permittivity can be calculated (Czichos et al., 2006).
The cavity is connected to a n twork analyser using suitable adapters and cables. The resonance is 
indicated by a sharp increase in the magnitude of the S21 parameter, with a peak value at the 
resonant frequency. The Resonant Cavity Method is a two port measurement, therefore the S21 
parameter presents forward transmission (insertion) gain with the output port terminated in a 
matched load. When the dielectric specimen is inserted into the empty cavity, the resonant 
frequency decreases from fc to fs while the bandwidth Δf at half power (3 dB), below the S21 peak, 
increases from Δfc to Δfs as shown in Figure 6. A shift in resonant frequency is related to the 
specimen dielectric constant, while the larger bandwidth corresponds to a smaller quality factor Q, 
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due to dielectric loss. The dielectric constant ( 'r ) can be calculated by using Equation (1) 
and dielectric loss factor ( "r ) by using Equation (2).
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Where :
fc = Resonant Frequency of Empty Cavity
fs = Resonant Frequency of Filled Cavity
Qc = Q of Empty Cavity
Qs = Q of Filled Cavity
Vc = Volume of Empty Cavity
Vs = Volume of Sample.
Exposing Synthetic Particles to Microwave Field in a Multimode Cavity
Figure 8 shows the microwave oven used for this experiment. The oven was manufactured by 
SHARP. The “Carousel” Model 380-J was capable of delivering 1200 Watts of microwave power to 
the load. The turning mechanism was in th  middle of the oven and the waveguide port was on the 
right side.
The glass microwave tray, which can be seen in Figure 9, was separated into eleven sections for the 
eleven synthetic particles. The particles were then distributed along the edges of rotating tray to 
cover the large area of the tray. This was done to ensure that particles had a greater chance of 
passing through the multiple modes if the spatial distance between the modes is larger than the 
chosen particle size. During repeated exposures, particles were positioned in clockwise number 
order. This is represented with a red arrow in Figure 9. Once allocated on the edge of the tray the 
particles did not have any preferred position (blue arrow).
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In typical industrial conditions, actual rock particles can be measured for their temperature profiles 
on the conveyor belt from the top surface, while the temperature profiles from the bottom stay 
hidden. To complete the temperature profile it would be beneficial to have information from both 
the top and bottom surfaces. This is why synthetic particles were tested first with their labels or 
numbers facing up and then a second time with their numbers facing down. With this arrangement,
exposure to the microwave energy was repeated four times: twice with the numbers up and twice 
with the numbers down. Before the microwave exposure, an image of the synthetic particles was 
taken using a CEDIP infrared camera. The camera is capable of detecting electromagnetic waves with 
the wave lengths between 2-5µm, which is in the infrared spectrum. The tray of synthetic particles 
was then placed in the oven and exposed to 1200 W of applied microwave power. The time of the 
exposure was 12 seconds, which was selected to correspond to the time for which the glass tray 
made one full rotation within the oven. 
Figure 10 shows the thermal infrared image taken five seconds after microwave exposure. At this 
time, it was necessary to take the tray from the oven and position it in front of the infrared camera 
for image capture. After every exposure, synthetic particles were cooled to room temperature 
before further testing. All data were collected and analysed using software provided for the infrared 
camera.
Exposing Synthetic Particles to Electromagnetic Field in a Wave Guide 
Applicator 
For this experimental set-up, a simple wave guide type of applicator was used. It had an opening 
that allowed the load to be inserted into the middle of the wave guide. All synthetic particles were 
placed in a numbered sequence on the vibratory feeder, which can be seen in Figure 11. Particles 
were fed individually into the applicator. The generator was set for 1200 W with an exposure time of 
12 seconds. Settings were applied prior to initialising the testing sequence. The infrared camera was 
positioned perpendicular to the applicator to enable reading temperatures from the surfaces of 
synthetic particles in real time before, during and after heating.
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By analysing data from the microwave exposures in the applicator, it was straightforward to detect 
and identify heating patterns on the surface of the synthetic samples from their predefined locations 
of mineral grains. Figure 12 shows four noticeable hot spots caused by the designed texture with 
pyrite. The temperature profile for Cube No.5 can be seen in Figure 13 for the side closer to the 
mineral grain, while the temperature profile for Cube No.9 is shown in Figure 14. 
Results and Discussion 
Mechanical Testing Through Abrasion Breakage
To allow repeatability during testing of microwave/RF applicators, material handling should not 
affect the synthetic particles. To test mechanical properties, JK abrasion testing equipment was 
used.
The test was performed by tumbling one synthetic particle with five quartzite ore particles (see 
Figure 15) for 5 minutes in a 305 x 305 mm laboratory mill fitted with 4 x 6 mm lifter bars and speed 
of 53 RPM. Figure 16 shows all particles after abrasion testing and it can be seen that the highest 
abrasion occurred on the edges of the cube which was expected. Similar abrasion can be seen on the 
sharpest edges of the ore particles as well. Therefore, the synthetic particles are sufficiently robust 
to be used for repeatability testing.
Tomography of Synthetic Particles (Cubes)
For assessment of synthetic particles, X-ray Cone Beam Tomography was used to measure the 
designed texture and point to possible localised heating areas. Digital X-ray images provided 
opportunity to visualise and measure the proximity of the embedded minerals to the surface of the 
minerals. The distance of heating minerals will be reflected on the heating patterns on the surface of 
the synthetic particles, measured using an infrared camera.
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Empty Cube containing matrix material only
Figure 17 shows X-ray images of a synthetic cube created entirely of pulverised quartz sand with 
PMMA as adhesive. There are no additional minerals and the designed texture is very uniform in all 
directions. 
This particular cube was later labelled as Cube No. 7. It was used with two more barren cubes for 
testing dielectric properties along with the cubes that had microwave absorbing mineral.
All others cubes made in the same manner present barren rock particles. They are used as particles 
made of common rock forming minerals which have low dielectric properties, and have a tendency 
to heat less when exposed to applied microwave energy. 
Cube No. 3
Figure 18 shows X-ray images of the sample labelled Cube No. 3, which contained eight grains of 
pyrite (with one in every corner of the cube).  This particular texture has a symmetrical structure of 
the mineral grains and so will respond very quickly to microwave heating. This is mostly due to the 
proximity of the mineral grains to the surface of the cubes. Every grain will become a source of 
heating, which will generate four hot spots on the surface. Because of the symmetrical structure is 
easy to see a prompt response to microwave heating from any of the six surfaces on the cube which 
are exposed to the infrared detector.
Cube No. 5
Figure 19 shows X-ray images of Cube No. 5 with its structure of three grains of pyrite. Note that 
larger grain sizes were used. For this particular texture, a semi-symmetrical structure was chosen. 
Three grains were arranged in a triangular shape along one of the larger diagonals connecting 
opposing corners of the cube. In this structure, three sides of the cube are directly affected by the 
grain proximity to the surface. On those surfaces, it is easy to identify points with the highest 
localised heating. The remaining three surfaces have heating patterns that are produced by the 
collective effect of all three grains, working as one heating source. 
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Cube No. 9
Cube No. 9 had a very simple structure as presented in X-ray images in Figure 20. The whole mineral 
grain, which acts as a heating source, was deeply embedded in the middle of the matrix. This was 
the most symmetrical structure design and will result in very similar isothermal surfaces. Whichever 
of the six sides of the cube is presented to the infrared thermal camera, the highest temperature will 
be in the middle of the surface. Considering that the heat is coming from the one source it will 
spread mostly radially towards the surface of the cube. Homogenous bulk properties of the matrix 
will cause the temperature gradient to be mostly equal in all directions without any specific 
directional preferences. This will create isothermal surfaces which will have concentric spherical 
shapes. The heat front will reach the centre of the cube first surface, while the corners of the cube 
will be reached last, taking into consideration that they are further from the heating source.
Measuring Dielectric Properties of Synthetic Particles for Modelling and 
Testing Microwave/RF Applicators
The ASTM 2520 (Standard, 2010) standard covers Resonant Cavity Method in more detail and this 
standard was used as a guide for measuring the dielectric properties of synthetic cubes. It provides 
three measurement techniques. Test method “A” is for specimens precisely formed to the inside 
dimension of a waveguide. Test method “B” is for specimens of specified geometry that occupy a 
very small portion of the space inside a resonant cavity. Finally, test method “C” uses a resonant 
cavity with fewer restrictions on specimen size, geometry and placement, and this method was used. 
Considering that the synthetic particles were comprised from high and low loss materials, a less 
sensitive cavity (operating in TE101 mode with dimensions x=a=4.3 cm, z=b=8.6 cm and y=69 cm) was 
used. The Q-factor was still above 2000 as recommended by ASTM 2520 standard. 
The chosen synthetic particles were tested in two positions along the length of the resonant cavity. 
The first was parallel and the second was under an angle of 45 degrees. These two positions were 
investigated because of the depolarisation effect. Measurements were repeated three times and the 
depolarisation effect caused by the different positions was examined on a macroscopic level (not by 
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different shapes) of the synthetic ore particles. The aim of rotating the particles was to investigate 
whether the difference between two types of synthetic samples was equally distinguishable. Figure 
21 shows the results from the measurements. By observing the loss tangent (i.e. loss tangent is 
defined as ratio between dielectric loss factor and dielectric constant) responsiveness of the material 
to electromagnetic field can be described.
In Figure 21 it can be seen that the group of particles used as tracers, cubes No. 3, 5 and 9 
(corresponding to the columns 4, 5 and 6), had much greater values of loss tangent when compared 
to non-pyrite bearing particles, No 4, 7 and 11 (corresponding to the columns 1, 2 and 3). This trend 
was also seen when the measurements were repeated with rotated positions of the samples. This 
method met the objectives and it has been proven effective in the characterization of many ceramic 
and organic material systems for which ASTM 2520 standard is frequently used. 
Figure 21 also shows that synthetic particles made out of PMAA and quartz sand, have a loss tangent 
within a similar range to pulverised quartz sand only (see Table 2).
Results of Microwave Testing in Two Different Applicators
From infrared images, two values were obtained for each particle: the maximum and the mean 
surface temperature. To compare experimental data, the temperature difference for maximum and 
mean temperatures were calculated from data after and before microwave exposure. The following 
abbreviations were taken to represent the data.
a) For each exposure of the samples in the applicator:
ΔT max = difference between maximum temperature of the particle after microwave exposure and 
mean temperature before microwave exposure
ΔT mean = difference between the mean temperature of the particle after and before microwave 
exposure
b) From three times repeated exposures in the applicator:
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average ΔT max = mean value for ΔT max from repeated exposures
average ΔT mean = mean value for ΔT mean from repeated exposures
It needs to be stated that all microwave exposures in two different applicators were repeated three 
times. This enabled the calculation of standard deviation from heating experiments, average ΔT max 
and average ΔT mean values.
Figure 22 shows average ΔT max and average ΔT mean from three repeated tests. The particles that 
were used as tracers (particle numbers 3, 5 and 9), have higher temperatures than the rest of the 
particles, which were made just from the matrix material. The displayed data shows that the highest 
standard deviation was calculated for the tracer Cube No.5. This high standard deviation was caused 
by presenting different sides of the synthetic particle to the infrared camera. The first exposure with 
numbers up had the side that was farthest from mineral grains and had a cumulative influence of all 
three grains, which resulted in lower values for ΔT max and ΔT mean.  When the synthetic samples 
were flipped so that the numbers were down, the pyrite grains were closer to the top of the sample 
which resulted in increased values for ΔT max and ΔT mean.
Tracers Cube No. 3 and 9 had much lower standard deviations due to their more symmetrical 
texture. The lowest average ΔT max from tracers was calculated for the tracer Cube No. 9, caused by 
the grain that was deeply embedded inside the matrix (see Figure 10). Average ΔT max was still 
above the other synthetic particles without any mineral grains.
In the case of wave guide type applicator (see Figure 23), synthetic particles were treated 
individually; therefore the microwave tuner was able to adjust the degree of coupling for each 
particle. The information about temperature was obtained immediately after microwave exposure. 
This explains the higher temperatures observed for tracers Cube No. 3, 5 and 9 and clearly 
differentiating them from all remaining particles. Note that standard deviation for average ΔT max 
for the tracer Cube No. 3 has the largest value of standard deviation that can be explained with a 
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change of localised temperature maximums. When the standard deviation for average ΔT mean is 
observed the tracer Cube No. 5 has the highest value of standard deviation showing the highest 
variation in mineral texture (this result is in agreement with previous testing which was performed 
with a multimode applicator).
Conclusions
The purpose of this experimental work was to identify a matrix that can be used to create synthetic 
ore samples to investigate the behaviour of ore when heated by different types of microwave 
applicators.
The PMMA mix with pulverised quartz sand proved to be a good choice because:
a) the mechanical experimental testing showed that there was no more significant damage on 
synthetic samples when compared to in situ quartzite ore particles
b) it was demonstrated that synthetic ore particles could be reused with minimum damage 
which was necessary to achieve repeatable testing
c) and the X-ray tomography results clearly showed that large mineral grains did not have a 
tendency to sink to the bottom of the synthetic samples, as it was reported for plaster or 
cast cement.
The resonant cavity proved to be suitable for measuring the bulk properties of synthetic rock 
particles as a non-destructive testing method. The presence of adhesive polymer within synthetic 
particles did not significantly change its bulk dielectric properties compared to the properties of 
pulverised quartz sand which was chosen as the host rock mineral. The difference in bulk dielectric 
properties between synthetic particles characterised as tracers and particles without pyrite mineral 
was easily measured, along with the presence of depolarisation effect. 
Tracers were recognisable in both types of microwave heating experiments, which was previously 
shown by testing particles for their dielectric properties using the Resonant Cavity Method. The 
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microwave heating experiments showed that the mineral texture created was detectable and useful 
to investigate heat dissipation from mineral grains into host rock mineral and PMMA mixture. The 
repeatable testing of microwave heating experiments enabled calculation of possible errors in the 
temperature difference that can be measured on the surface of the particles with proposed 
experimental settings.
This experimental work clearly demonstrates that design of synthetic samples enables the 
systematic study of selective heating, which could lead to microwave heating process optimisation. 
The optimised conditions that are necessary for more uniform treatment of variable feed, such real 
ore particles, can be used for final applicator design. 
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Table 1. Material properties obtained from literature.
Property Density [g/cm3] Specific heat capacity [J/kgC] Thermal conductivity [W/mK]
PMMA 1.2 at 20 oC from 
(Assael et al., 2005)
1. 1466 from (MIT, 2011)
2. 1398 at 34.25 oC from 
(Assael et al., 2005)
1. 0.17-0.25 from (MIT, 2011)
2. 0.18 at 47 oC from (Blaine and 
Cassel, 2001)
3. 0.19 at 41.46 oC from (Assael et al., 
2005)
Quartz sand 2.64 from (Waples and 
Waples, 2004)
740 at 20 oC from (Waples and Waples, 
2004)
7.69 at room temp. from  (Horai and Baldridge, 
1972)
Pyrite 5.05 from (Waples and 
Waples, 2004)
510 at 20 oC from (Waples and Waples, 
2004)
19.21 at room temp. from (Horai and Baldridge, 
1972)
Table 2. Dielectric material properties obtained from literature or their measured values at 2.45 GHz and room 
temperature.
Property Dielectric loss factor ε’’ Dielectric constant ε’ Loss tangent
PMMA <0.1 0.016±0.002 <3.0 2.321±0.01 0.007±0.001
Source (Yussuf et al., 
2007)
Measured (Yussuf et al., 2007) Measured Calculated from 
measured ε’’ and ε’
Quartz sand 0.01 (powder) 0.013±0.002 2.26 (powder) 2.756±0.01 0.0047±0.0009
Source (Harrison, 1997 ) Measured (Harrison, 1997 ) Measured Calculated from 
measured ε’’ and ε’
Pyrite 1.00 (powder) 8.96±4.74 8.25 (powder) 21.52±4.75 0.42±0.31
Source (Harrison, 1997 ) Measured (Harrison, 1997 ) Measured Calculated from 
measured ε’’ and ε’
Figure 1. Applicator with conveyor belt system and variable feed inside. Sourced from Jokovic et al. (2014).
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Figure 2. Cone made with castable cement and 4% Loghoro (Spain) pyrite designed to study selective heating of sulfide 
bearing ores. Sourced from Van Weert  and Kondos (2008).
Mineral grain size:
-4.75+3.35 mm
Mineral grain size:
-1.70+1.18 mm
Mineral grain size:
-1.18+0.850 mm
Figure 3. X-ray images of casted plaster samples made with different sizes of chalcopyrite grains. The shape of the 
samples was cylindrical with the diameter of 2cm and the height of 2cm. X-ray images clearly show mineral grains 
sinking toward bottom of the cast plaster samples.
Figure 4. Teflon mould with cubical shape in the middle
used to create synthetic samples.
Figure 5. Cubes made of Quartz sand, PMMA and pyrite 
grains.
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Figure 6. Scattering parameter S2l measured for an 
empty cavity and for cavity with a specimen 
inserted after (Czichos et al., 2006).
Figure 7. Equipment used to measure dielectric properties.
Figure 8. Interior of the oven. Turning mechanism is in 
the middle of the oven and the waveguide port is on 
the right side.
Figure 9. Fixed position showed in red and free position 
in blue arrow.
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Figure 10. Temperatures of synthetic samples taken 5 s after 12 s of microwave exposure. Scale is in ˚C.
Figure 11. Wave Guide Type of Applicator used to test synthetic particles individualy.
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Figure 12. The temperature profile for Cube No.3 
(temperature scale 30-50˚C).
Figure 13. The temperature profile for Cube No.5 
(temperature scale 30-50˚C).
Figure 14. The temperature profile for Cube No.9 
(temperature scale 30-50˚C).
Figure 15. One of the synthetic particles created for 
abrasion breakage testing before testing.
Figure 16. All particles after abrasion testing.
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Position: 0 degree according the position of X-ray 
source.
Position: 45 degree according the position of X-ray 
source.
Figure 17. Empty cube No. 7with quartz and PMMA only.
Position: 0 degree according the position of X-ray 
source.
Position: 90 degree according the position of X-ray 
source.
Position: 115 degree according the position of X-ray 
source.
Reconstructed horizontal plane.
Figure 18. X-ray images with one reconstructed plane of the Cube No. 3 presenting distance between grains.
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Position: 0 degree according the position of X-ray source. Position: 90 degree according the position of X-ray source.
Position: 180 degree according the position of X-ray source.
First two grains of pyrite and their positions in common 
plane.
Figure 19. X-ray images with one reconstructed plane of the Cube No. 5 presenting distance between grains.
Page 28 of 30
Ac
ce
pte
d M
an
us
cri
pt
Page 28 of 28
Position: 0 degree according the position of X-ray 
source.
Position: 90 degree according the position of X-ray 
source.
Position:180 degree according the position of X-ray 
source.
Reconstructed horizontal plane.
Figure 20. X-ray images with one reconstructed plane of the Cube No. 9 presenting mineral grain.
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Figure 21. Loss tangent for synthetic samples: numbers 1 to 3 are without pyrite grains and the remaining numbers 4 to 
6 contain pyrite grains. 
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Figure 22. Mean values for the temperature differences from repeated exposures with their standard deviations from 
the multimode cavity testing. Temperatures were obtained 5 s after exposure.
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Figure 23. Mean values for the temperature differences from repeated exposures with their standard deviations from 
the Wave Guide Applicator testing.
